The control of gene expression in eukaryotes relies in part on the methylation status of histone proteins. Histone lysine modification is a dynamic process established by specific methyltransferases, including SET-domain proteins 1 and a conventional methyltransferase-like protein Dot1 (ref. 2). These methylation marks can be 'erased' by protein lysine demethylases that include flavin-dependent monoamine oxidase LSD1 (ref.
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The control of gene expression in eukaryotes relies in part on the methylation status of histone proteins. Histone lysine modification is a dynamic process established by specific methyltransferases, including SET-domain proteins 1 and a conventional methyltransferase-like protein Dot1 (ref. 2) . These methylation marks can be 'erased' by protein lysine demethylases that include flavin-dependent monoamine oxidase LSD1 (ref. 3 ) and α-ketoglutarate-Fe 2+ -dependent dioxygenases containing jumonji domains [4] [5] [6] . Protein modules, such as PHD finger protein (PHFs), detect the methylation status of histones by recognizing lysine in methylated [7] [8] [9] [10] and unmethylated states 11, 12 . The jumonji domain often associates with at least one additional recognizable protein domain within the same polypeptide 13 . For example, JMJD2A contains an N-terminal jumonji domain and C-terminal PHD and tudor domains. The JMJD2A jumonji domain alone is capable of demethylating tri-(H3K9me3) and dimethylated histone H3 Lys9 (H3K9me2) and tri-(H3K36me3) and dimethylated Lys36 (H3K36me2), though it does so with a very low turnover rate (k cat < 1 h −1 and k cat /K M ~ 0.01 h −1 µmol −1 ) (ref. 14) .
Structural studies revealed that the JMJD2A jumonji domain predominantly recognizes the backbone of the histone peptides (unusually for a sequence-specific enzyme), allowing the enzyme to demethylate both H3K9me3 and H3K9me2 as well as H3K36me3 and H3K36me2 (refs. 14-16) . Meanwhile, the JMJD2A tudor domain binds two different histone sequences (H3K4me3 and H4K20me3) via radically different approaches 17, 18 . The functional connection between the methyl mark reader and eraser in JMJD2A is not clear. Here, we ask whether regions outside of the catalytic core domain influence the specificity and/or efficiency of the catalytic domain, as in the case of DNA methyltransferase 1 (refs. 19,20) , and we explore this possibility in the context of PHF8 and KIAA1718.
PHF8 and KIAA1718 belong to a small family of jumonji proteins with three members in mice and humans (PHF2, PHF8 and KIAA1718) (ref. 13) . Each of these proteins harbors two domains in its respective N-terminal half (Fig. 1a) : a PHD domain that binds H3K4me3 and a jumonji domain that demethylates H3K9me2, H3K27me2 and H3K36me2 (ref. 21 ) (see below). The two proteins share 82% identity (87% similarity) between their PHDs and 64% identify (75% similarity) between their jumonji domains ( Supplementary Fig. 1) . Mutations in the jumonji domain of human PHF8-either deletions or a missense mutation (F279S)-cause inherited X-linked mental retardation [21] [22] [23] [24] . Relative to PHF8, KIAA1718 has a 30-residue alaninerich addition followed by a stretch of 6 prolines in the N terminus, and a 3-residue insertion in the nonconserved linker between PHD and jumonji domains (Supplementary Fig. 1 ). The sequence and length of the linker of KIAA1718 are highly conserved among the orthologs from different species, whereas the corresponding linker of PHF8 varies in sequence (it contains more glycines) and length (it is often shorter, between 11 and 15 residues) (Supplementary Fig. 2) . Here, we focus on residues 1-488 from KIAA1718 and residues 1-447 from PHF8, comparing their demethylase activities on dimethylated lysine at H3K9 (H3K9me2) or H3K27 (H3K27me2) and analyzing the effect of trimethylation of H3K4 (H3K4me3) on demethylation activity.
RESULTS
H3K4me3 binding by the PHF8 PHD enhances demethylation PHF8, containing both the PHD and jumonji domains (Fig. 1a) , has slow activity on H3 1-24 K9me2, with t 1/2 (the time required for 50% demethylation under the assay conditions) of ~1 h (Fig. 1b, top  left) . We probed the demethylation activity of PHF8 on a histone H3 peptide modified with both H3K4me3 and H3K9me2. The presence of H3K4me3 enhanced PHF8 activity on H3K9me2 by 12-fold, with t 1/2 ~ 5 min (Fig. 1b, top right) . PHF8 has lower K M by a factor of 16 and higher k cat by a factor of 4 on the doubly methylated peptide than that of H3K9me2 peptide (Fig. 1b, lower panels) . In addition, PHF8 binds the doubly methylated peptide with a K D of approximately 1 µM (Fig. 1c) , whereas it has negligible binding on H3 K9me2 under the conditions tested (data not shown). In contrast, when present in trans, the H3K4me3 modification either in a short H3 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] or a long H3 peptide inhibits the PHF8 activity on H3 1-24 K9me2 (Fig. 1d) .
To understand how H3K4me3 binding enhances demethylase activity, we determined the cocrystal structure of PHF8 with an H3 1-24 peptide containing H3K4me3 and H3K9me2 (Fig. 1e) in the presence of Fe 2+ and N-oxalylglycine (the cofactor analog) to form a catalytically inert complex ( Table 1) . The structure, determined at a resolution of 2.2 Å, shows that the PHD and jumonji domains act in concert in substrate recognition. The first 11 residues of the H3 peptide were nearly buried in a deep cleft between the PHD and the jumonji domains with a disordered linker (residues 66-78) (Fig. 1e) . The H3 N terminus was buried in the PHD-jumonji interface, and Gly12-Gly13-Lys14 emerged from an opening on the surface of the jumonji domain (Fig. 1f) ; the remainder of the peptide (residues 15-24) was unstructured.
The limited solvent exposure of bound histone peptide implies that the substrate did not diffuse into a preformed binding site. The surface area buried at the PHF8-peptide interface is approximately 1,550 Å 2 (with ~30% contribution from the PHD and ~70% from the jumonji domain). The H3 peptide shows an extended conformation from Ala1 to Lys9, then makes a sharp, nearly 90° turn at Lys9 ( Fig. 1e and Supplementary Fig. 3a) . Besides main chain interactions, all 11 side chains of H3 (Ala1-Thr11) are involved in interactions, either with both domains (Ala1, Arg2, Lys4me3 (K4me3), Thr6; Supplementary Fig. 3b-e) , PHD alone (Thr3) or jumonji alone (Gln5 and Ala7-Thr11; Supplementary Fig. 3f-i) . Intramolecular interactions occur between Thr3 and Gln5 (Supplementary Fig. 3f ) and Arg8 and Ala7 (Supplementary Fig. 3g ). This is in sharp contrast to the structures of JMJD2A jumonji domains in complex with substrate peptides that have little side chain contact [14] [15] [16] .
Substrate specificity is contributed by both domains, as exemplified by the interactions of H3K4me3 with PHD (through the hydrophobic cage) and jumonji (through a van der Waals contact with the main chain carbonyl oxygen of Ser354) (Fig. 1g) . The target K9me2 lies in the active site right next to the Fe 2+ and N-oxalylglycine (Fig. 1h) . One of its terminal N-CH 3 groups projects toward the aromatic ring of Tyr234, and the other methyl group points toward Asp249 and Asn333, forming two hydrogen bonds of C-H-O type (Fig. 1h) -a type of hydrogen bond that occurs in the active sites of both SET and jumonji domains 14, 25 . The dimethylated terminal nitrogen atom carrying the lone pair of electrons forms a hydrogen bond with one of the oxygen atoms of a r t i c l e s a r t i c l e s N-oxalylglycine (Fig. 1h) . The active site cannot accommodate a trimethylated lysine because the third methyl group would cause repulsive tension with N-oxalylglycine. Phe279, substitution of which (to serine) causes inherited X-linked metal retardation [22] [23] [24] , makes van der Waals contacts with Ile248 and Ile318 (Supplementary Fig. 3j ), forming a hydrophobic core supporting the backbone of Fe 2+ -coordinating residues His247, Asp249, and His319.
H3K4me3 binding by KIAA1718 PHD inhibits its jumonji activity
Unlike PHF8, KIAA1718 (Fig. 2) is highly active on H3 1-24 K9me2, with t 1/2 ~ 4 min and k cat = 6.5 h −1 (Fig. 2a, top panels) . Unexpectedly, the presence of both H3K4me3 and H3K9me2 on the same peptide, H3 K4me3-K9me2, has exactly the opposite effect on KIAA1718 compared to PHF8: it nearly abolishes the demethylation activity of KIAA1718 on K9me2 (Fig. 2a, lower left) . Apparently, binding of the PHD to H3K4me3 (Fig. 2b) prevents demethylation of K9me2 by the linked jumonji domain, which on its own is active on H3K9me2 with k cat = 6 h −1 and k cat /K M = 0.5 h −1 µmol −1 (Supplementary Fig. 4e ). The doubly methylated peptide inhibits KIAA1718 activity on H3 K9me2 with a half-maximal inhibitory concentration (IC 50 ) of 3.1 µM (Fig. 2a , lower right) under MS assay conditions (Supplementary Fig. 5 ).
The crystal structure of the apo-form KIAA1718, determined at the resolution of 2.4 Å in the presence of N-oxalylglycine (Table 1) , suggests a mechanism for this inhibition. Residues 32-479 of KIAA1718 (Fig. 2c) have continuous electron density through the main chain. The disordered residues include the C-terminal tail (residues 480-488) and the N-terminal tail (residues 1-31), the latter of which is absent in the KIAA1718 orthologs of zebrafish and Xenopus laevis (Supplementary Fig. 2 ) and whose deletion has no impact on activity (Supplementary Fig. 6 ). The six-proline stretch (Pro32-Pro37) displays an extended conformation (Fig. 2d ). An identical surface hydrophobic cage to that of PHF8 is formed by two tyrosines, one tryptophan and one methionine (Fig. 2d) . The cage is likely where H3K4me3 would bind, as the PHD alone binds tri-and dimethylated H3K4 peptide (Fig. 2b) . Unlike PHF8, the linker between PHD and jumonji (residues 98-113) seems ordered, as indicated by the continuity of electron density and similarity of crystallographic thermal factors for all three regions (25 Å 2 for PHD, 30 Å 2 for the linker and 35 Å 2 for jumonji).
The distance between the PHD cage (the H3K4me3 binding site) and the jumonji Fe 2+ -binding site, immediately adjacent to the presumed target methyl-lysine binding site, is approximately 37 Å (Fig. 2c) . This is more than twice the linear distance of ~16 Å between H3K4 and H3K9 in an extended form of the substrate. Isothermal titration calorimetric (ITC) analysis shows that KIAA1718 binds the doubly methylated peptide, H3 K4me3-K9me2, with K D ~ 0.3 µM; removing the three methyl groups at H3K4 increased K D to ~60 µM, a reduction by a factor of 200 in binding affinity (Fig. 3a) . Therefore, the dominating interaction between KIAA1718 and the doubly methylated peptide is the binding of H3K4me3 by the PHD. This interaction would place H3K9me2 too far from the active site of the linked jumonji domain in this extended conformation.
The individual domain structures of KIAA1718 and PHF8 are very similar, with an r.m.s. deviation of less than 0.65 Å when comparing the 58 pairs of PHD Cα atoms and less than 0.89 Å when comparing the 361 pairs of jumonji Cα atoms. Superimposition of the two enzymes by their jumonji domains reveals that the PHF8 PHD adopts a bent conformation toward the jumonji domain in the presence of substrate binding, whereas the PHD and jumonji domains of KIAA1718 adopt an extended conformation in its apo structure with an ordered linker (Fig. 3b) . Cell dimensions 
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To test the idea that the linkers are critical determinants of demethylase activity, we engineered two hybrid enzymes: KIAA1718 carrying the PHF8 linker and PHF8 carrying the KIAA1718 linker ( Fig. 3c and Supplementary  Fig. 7a) . Notably, the hybrid enzymes lost their parental features and become indistinguishable; both were equally active on doubly methylated H3 1-24 K4me3-K9me2 and had a less than two-fold difference of activity on H3 1-24 K9me2 (Supplementary Fig. 7b ). Compared to the wild-type enzymes, the most noteworthy change was in the substantial gain of activity by the KIAA1718-PHF8 linker hybrid on H3 1-24 K4me3-K9me2 with t 1/2 = 9 min (Fig. 3c, right graph) , in stark contrast to the barely detectable activity of native KIAA1718 on the same peptide (see Fig. 2a , lower left). We thus conclude that the PHF8 linker in the hybrid enzyme enables the PHD and jumonji domains to adopt a closed conformation just like the native PHF8, whereas the native KIAA1718 locks the two domains in an extended conformation.
KIAA1718 demethylates H3K27me2 in the presence of H3K4me3
We modeled a H3K4me3 peptide onto KIAA1718-PHD and a H3K9me2 peptide onto KIAA1718-jumonji by superimposing the portions of H3 peptide bound to the PHF8-PHD and PHF8-jumonji domains, respectively (Fig. 4a) . The adoption of an extended conformation by KIAA1718 suggests that a peptide carrying H3K4me3 and H3K27me2 (which shares an ARKS tetrapeptide sequence with that of H3K9) could occupy both the PHD and jumonji domains simultaneously and could be demethylated by KIAA1718 in this extended conformation. Indeed, the presence of trimethylated H3K4 enhanced KIAA1718 activity on H3K27me2 by a factor of about 2 (t 1/2 = 10 min versus 19 min; Fig. 4b ), in contrast to the severe inhibition of H3K9me2 demethylation (see Fig. 2a, lower left) . Moreover, in a reaction mixture containing the two substrates in equimolar ratio, KIAA1718 selectively demethylated the peptide containing both H3K4me3 and H3K27me2 (Fig. 4c) . This is consistent with the notion that PHD preferentially bound H3K4me3 first and subsequently allowed only H3K27me2 on the same peptide to be demethylated by the jumonji domain.
DISCUSSION
Here we show, enzymatically and structurally, that the PHDs of PHF8 and KIAA1718 bind H3K4me3-a modification associated with transcriptional activation, as their linked jumonji domains remove methyl marks from H3K9 (PHF8) and H3K27 (KIAA1718) that are associated with transcriptional repression. These opposing marks (one for activation and the other for repression) do sometimes coexist, particularly colocalization of H3K27me to genes that are H3K4me modified [26] [27] [28] [29] . We hypothesize that, in vivo, PHF8 and KIAA1718 are recruited to H3K4me3 marks via their PHDs, and that subsequently the jumonji domain amplifies this activating signal by removing any local repressing methyl groups (Supplementary Fig. 8a) . In PHF8 the shorter and perhaps more flexible linker between the PHD and jumonji domains enables the active site of jumonji to reach the target H3K9me2 while the PHD binds to H3K4me3. (c) KIAA1718 contains four segments: a disordered alanine-rich sequence followed by a stretch of prolines, a PHD domain (blue) containing two zinc metals (gray balls), a rigid linker (cyan) and a jumonji domain (green) followed by a four-helix bundle. (d) The KIAA1718 PHD domain contains a surface hydrophobic cage, a presumptive site for binding of H3K4me3. In the crystal lattice, the cage is blocked by the N-terminal prolines of a crystallographic symmetryrelated molecule (Supplementary Fig. 6c ).
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The binding of substrate together by both domains makes the H3K4me3-H3K9me2 a better substrate for PHF8 (higher k cat /K M ). In contrast, the corresponding ordered linker in KIAA1718 renders the enzyme inactive on H3K9me2 when H3K4me3 is present, in the process becoming more selective toward H3K27me2 (Supplementary Fig. 8b) . We conclude that the structural linkage between the PHD binding to H3K4me3 and the placement of the catalytic jumonji domains relative to this 'ON', or active, epigenetic landmark determines which repressive marks are removed in both demethylases.
It remains to be tested whether KIAA1718 also becomes more active or inhibited on H3K36me2 (ref. 21) when H3K4me3 is present on the same peptide (Supplementary Fig. 9 ). It is also interesting to note that PHF8 1-447 is nearly inactive on H3K27me2 and H3K36me2 under the conditions tested (Supplementary Fig. 10a ). However, a truncated protein with the PHD deleted, PHF8 62-447 , has weak activity on H3K27me2 and H3K36me2 (Supplementary Fig. 10b) , suggesting that the linked PHD (probably in the closed conformation) can interfere with substrate access to jumonji domain. Taking these results together, we suggest that the PHF8 and KIAA1718 jumonji domains on their own are promiscuous enzymes; it is the associated PHDs and the linker-a determinant for the relative positioning of the two domains-that are mainly responsible for substrate specificity.
The successful generation of hybrid enzymes may lead to a way to engineer enzymes with novel specificities by fusing an epigenetic reader (for highly specific binding of methyl-lysine or acetyl-lysine or other modifications) and a promiscuous enzymatic jumonji domain via a variable linker. Such enzymes could be useful tools in vitro and in vivo for the study of combinations of histone modifications.
The existence of combinatorial readout of multiple covalent histone modifications is an explicit prediction of the 'histone code hypothesis' [30] [31] [32] [33] . Binding of substrate using two or more domains in concert to enhance an enzyme's activity and its substrate specificity may be a general mechanism for jumonji-containing protein lysine demethylases. For example, JHDM2A-mediated demethylation of histone H3K9me1 or H3K9me2 requires a zinc finger located N-terminally to the jumonji domain for JHDM2A's enzymatic activity 5 . JARID jumonji family proteins contain a jumonji domain that demethylates H3K4me3 surrounded by several PHDs, and at least one of them binds H3K9me3 (refs. 34,35) (Supplementary Fig. 8c) . Mutation or deletion of this PHD impairs the demethylase activity on H3K4me3 (refs. 34,35) . Several histone-methylating enzymes contain components (domains) to both synthesize and bind a specific histone mark, for example mammalian G9a/GLP (for H3K9me1 and H3K9me2) (ref. 36) and Schizosaccharomyces pombe Clr4 The engineered hybrid enzyme of KIAA1718 carrying the PHF8 linker gains substantial activity on H3 K3me3-K9me2 (right), faster by a factor of more than 100 than that of the wild-type enzyme (see Fig. 2a ). a r t i c l e s (for H3K9me3) (ref. 37). They contain modules within the same polypeptide for both making (via the SET domain) and recognizing (via the ankyrin repeats or chromodomain) a given methyl mark; a mechanism of cross-talk propagates a given methyl mark. PHF8 and KIAA1718 contain modules within the same polypeptide for both recognizing (via the PHD) and removing (via the jumonji domain) two opposing methyl marks-a mechanism of cross-talk removes an 'OFF' methyl mark based on an existing 'ON' methyl mark. Understanding the function and cross-talk of individual 'letters' (one methyl mark, two methyl marks, and so on) will eventually allow researchers to uncover the complex language of the histone code 30, 38 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
